Background
Introduction
Antimicrobial resistance (AMR) of infectious agents is a growing concern to public health organizations. Given how complex and widespread this issue is, effective use of finite resources to improve public health decisions and actions requires prioritization of AMR pathogens. Both the World Health Organization (WHO) and the United States Centers for Disease Control and Prevention (USCDC) have released detailed reports on AMR threats [1, 2] , which highlight global and American AMR pathogens of concern, respectively. Since the epidemiology of AMR pathogens differs between countries, national threat assessments are useful to determine country-specific priorities.
Prioritization methodologies continue to inform decision making in public health [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Unfortunately documentation of the decisions made as a result of the methodology are not as common [3, 8, 9, 12] , and only a few describe the methodology in sufficient detail to allow reproduction or adaptation in other settings [3, [10] [11] [12] . Recent publications identifying AMR threats were difficult to replicate due to the lack of fully detailed methods for selection of priority pathogens [1, 2] . Providing transparency in the prioritization methodologies enables comparative analyses within and between countries.
The current study seeks to build upon previously published methodologies [2, 3, 14] to develop a systematic and transparent approach to AMR risk prioritization in Canada and presents the results of that process.
Methods
In 2011, the Robert Koch Institute (RKI) published a methodology that outlined a logical and clear approach to the prioritization of infectious diseases for surveillance and research within Germany [3] . This methodology was the most easily adaptable for our goal of developing a systematic and transparent approach to AMR risk prioritization in Canada. Our methodology is additionally based on previous work developed within the Public Health Agency of Canada (PHAC) that assessed infectious disease risks [14] and the AMR threat assessment work by the USCDC (herein designated the CDC Threat Report) [2] . The risk ranking/prioritization involved several steps: pathogen selection for ranking, criteria selection and definition, weighting of criteria, data capture and pathogen scoring, data quality review, a sensitivity analysis of the weighting of the criteria, and expert review. The data collection and creation of summary figures were conducted in Microsoft Office Excel 2010 [15] . The sensitivity analysis was conducted using D-Sight Software [16] .
Pathogen Selection
Previous work by PHAC identified and ranked 245 infectious disease risks to Canada, of which 138 (56%) exhibited AMR in some capacity [14] . Timeline and information limitations did not allow for assessment of all 138 AMR pathogens. A subset was selected using two criteria: pathogen was ranked in the top 20 infectious disease risks in Canada [14] ; or pathogen was outside the top 20, but included in the CDC Threat Report [2] . The resulting list of pathogens was reviewed by authors and other experts in PHAC; additional pathogens of interest to the PHAC for review were added. Enterobacteriaceae were assessed as two groups (carbapenem-resistant and extended spectrum B-lactamase-producing), which included Klebsiella, Escherichia coli (E. coli) and Enterobacter, rather than as separate pathogens. Other Enterobacteriaceae were evaluated separately (e.g., Salmonella, Shigella, Citrobacter).
Prioritization Criteria and Scoring
Seven of the 10 criteria (incidence, mortality, case fatality, communicability, treatability, public/political attention, and preventability) were developed based on work completed by PHAC [14] , RKI [3] , and CDC [2] . The remaining three criteria were based on the CDC Threat Report criteria and cut points were modified for the Canadian context (clinical impact, 10-year projection of incidence, economic impact). Specific definitions for each of the criteria can be found in Table 1 .
Criteria for each pathogen were researched and scored by one of the five working group members; scoring was on a three point scale (0 = nil or low; 1 = moderate; 2 = high). Each score was verified by a second working group member, with a discussion occurring where scoring diverged. The larger working group came to a consensus decision on remaining issues after the verification stage.
Data Sources
Where available, PHAC surveillance information (public and internal) was used to score pathogens. When these data were unavailable, scoring was based on information from peerreviewed and grey literature. To aid interpretation of the results, the data quality was assessed on a four point scale: 1 = Canadian data of high quality; 2 = Canadian data of moderate or poor quality; 3 = non-Canadian data of good quality; and 4 = limited or no good quality nonCanadian data.
Weighting
Separate from the scoring exercise, weights were assigned to each criterion. Certain criteria contribute more to risk prioritization than others (e.g., incidence of a disease versus work/ school absenteeism). To address this, criteria were weighted to reflect the relative importance in the Canadian context. Final weights of the criteria were established by consensus of the working group.
Ranking of the pathogens
A weighted sum approach was used for ranking. The criterion score was multiplied by the weight assigned to that criterion and summed across all the criteria to arrive at a total risk score, which ranged from 0 (lowest priority) to 100 (highest priority). Prioritized pathogens were also categorized into tiers based on four percentile groupings: those with total risk scores in the 80-100 th percentile as the highest priority group (Tier 1); 60-80 th medium-high priority (Tier 2); 40-60 th medium-low priority (Tier 3); less than 40 th percentile low priority (Tier 4). The final ranked list of pathogens was compared with the lists developed by CDC [2] and the WHO list of important pathogens [1] .
Sensitivity analysis
A sensitivity analysis was undertaken to consider other weightings and the impact of data uncertainty. Three different approaches were taken, which included: the impact of an alternative, relatively distinct multi-criteria decision analysis (MCDA) algorithm (a pairwise comparison as opposed to a simple weighted sum approach); the stability of the rankings as a function of a change in the individual criteria weights; and the impact of an alternative set of weights for all the criteria representing an alternative decision maker value set. MCDA Algorithm. The outranking approach [5] is a popular alternative that arrives at a ranking based on using a pairwise comparison. This method tends to be less compensatory than the weighted sum approach and provides a good indication of the sensitivity of the results to the algorithm used.
Rank Stability. The stability of the rankings as a function of changing the weights associated with individual criteria was tested using the pairwise comparison algorithm implemented using D-Sight software [15] . The analysis looks at how much of a change in weight a criterion can be exposed to before the resulting rank changes. The first analysis evaluated how much each criterion could be changed before the top ranked pathogen deviated from its ranking. The deviation could be as small as a change of even one position.
Alternative value set. The final sensitivity analysis included utilizing a panel of experts that work within the AMR field, and asking them to independently derive weights for the criteria-an exercise that would represent an alternative decision maker value set. This was helpful to see how stable the results are as a function of an entirely new set of criteria weights, as opposed to changing individual criteria weights in sequence as was done in the previous analysis. The panel 0 s alternative criteria weights put more emphasis on: preventability; economic impact; public attention; clinical impact; communicability; and mortality and less emphasis on: incidence; treatability; and ten year projection.
Results
A total of 32 pathogens were included in the assessment. Table 2 presents the pathogens in four priority groups by their total risk score. The Tier 1 priority group contains 4 pathogens, all with nosocomial relevance (13%); Tier 2 contains 7 (22%) pathogens, Tier 3 and Tier 4 contain ten (31%) and eleven (34%) pathogens, respectively. Fig 1 presents all 32 pathogens by total risk score and data quality category. A comparison of these 32 pathogens with those of the CDC Threat Report and WHO pathogen rankings is found in Table 3 . The detailed scores are available in S1 Table (Supplement) .
Sensitivity Analysis
The results of the MCDA and Rank Stability sensitivity analyses were similar, in that top ranked pathogens maintained their positions under different weighting schemes; changes were primarily within the top ten. For example, the Rank Stability analysis showed little movement in ranking even when a maximum weight was assigned to incidence; mortality; clinical impact; ten-year projection; or economic impact. Some criteria: communicability; treatability; public attention; and preventability did have an impact on the top ranked pathogen, though again the change in ranking was observed to be relatively small (from top ranked to second place for instance).
The results of the Alternative Value Set also demonstrated a similar outcome; rankings were stable when looked at in broad categories such as the top 10. Some variation within the broader categories did occur but that was in the order of on a few position changes (e.g., first place to third place, or second place to first place). Overall, the results of the various approaches indicated stability in the findings of the original weighted ranking process.
Data Quality
A description of the quality of the data sources is provided in Fig 1 and S1 Table. Eleven of the thirty two pathogens were scored using limited non-Canadian data. The majority of the top priority pathogens had data of at least moderate quality upon which to base scoring. Five criteria were based on availability of surveillance/literature data (incidence, mortality, case fatality rate, communicability, treatability). In general, two criteria (clinical impact and economic impact) had little information available across the majority of pathogens. Three criteria (public/ political attention, projection of incidence, and preventability) were based on expert opinion informed by the current status of the pathogen and literature.
Discussion
Two important outcomes resulted from this prioritisation exercise: creation of a Canadianfocused prioritisation methodology and a ranked list of AMR pathogens to help inform thinking around PHAC activities. As Canada establishes AMR priorities, there is a need to develop an approach to understand potential AMR risks for strategic planning. The methods and results should support transparent, science based dialogue between all stakeholders. It is important that the methodology is flexible to changing importance of the criteria, based on decision-maker need and the emergence of new information-both of which are of vital importance when examining AMR pathogens. Moving from the current analysis to finalizing AMR priorities, other considerations such as current public health activities, jurisdictional responsibilities, and context (e.g. vulnerable populations) may need to be accounted for. In addition to the outcomes themselves (i.e., the assessment tool and ranked list of AMR pathogens), the development of a structured and transparent process is in itself a significant aspect of this project. This is particularly important in situations where there are a broad set of stakeholder groups that do not typically work together as is the case with AMR, which cross cuts the entire field of infectious disease. Equally, though somewhat dependent on time and resources available, stakeholder engagement is critical to the process for input on the criteria used; the weighting assigned to the criteria; and the scoring based on the interpretation of data and evidence reviewed. A decision on when to engage stakeholders should consider adequate time for interactive and meaningful input that will encourage 'buy-in' and support for the final results. This needs to be balanced with the feasibility of getting input at different stages and recognising that some stakeholders may desire a more complete product in order to provide comments. The transparency of the current tool allows stakeholders to easily work through the process, allowing them to critique or explore the impact of alternative decisions.
When the ranked AMR pathogens are compared with those of the CDC Threat Report and the WHO list of important pathogens, two of our Tier 1 pathogens, Clostridium difficile (C. difficile) and CRE, were the same as those identified in the top ('urgent threats') tier in the CDC Threat Report Report [2] . A third urgent threat identified by the CDC was drug-resistant Neisseria gonorrhoeae, which was in our Tier 2. Nine pathogens identified by the WHO as 'bacteria of international concern' were all included in our assessment [1] . The WHO list included four of our Tier 1 pathogens (ESBL-and carbapenem-resistant Enterobacteriaceae) but not C. difficile. Another difference in comparing our findings with those of the WHO was that they separated E. coli and Klebsiella pneumoniae, whereas we grouped them as enterobacteriaceae. The four remaining pathogens highlighted by the WHO (Neisseria gonorrhoeae, Streptococcus pneumoniae, non-typhoidal Salmonella, Shigella) were in Tiers 2, 3, 3, and 4, respectively. This might reflect the differences between pathogens of global concern and those of a national concern. Two pathogens in the assessment, which warrant further discussion, are C. difficile and Aspergillus. Clostridium difficile poses a slightly different risk than the other pathogens considered. In general, C. difficile infections are not resistant to the antimicrobials used to treat them, however cases may be related to antimicrobial use, and as such are useful to include as an AMR threat in this situation [2, 17, 18] . There are strains of C. difficile with AMR, but our evaluation was based on the pathogen itself, rather than the resistant strain; whereas for the other pathogens, the evaluation was completed for the resistant strain(s).
Expanding the assessment to include pathogens of potential future importance allows proactive assessment to reduce potential risk from these pathogens in a Canadian context. As an example of this, the assessment process identified the emergence of drug-resistant Aspergillus as a potential pathogen of concern in Canada. The European Centre for Disease Prevention and Control performed a risk assessment on the spread of azole-resistant Aspergillus [19] and found a mortality rate of invasive azole-resistant A. fumigatus approaching 90%. Currently the resistant species have not been found in Canada; however actions to mitigate its arrival may be useful for decision makers to consider.
The use of reference ranges in categorical scoring of the criteria allowed practical and useful distinctions to be made based on readily available information. For example, categorizing incidence as <100, 100-1000, and >1000 cases per year, still facilitates decision-making in the face of potentially imprecise data. A strength of the methodology and process is that the entire exercise from the criteria selection, data gathering, and analysis took approximately two months by five people dedicated to the project on a part-time basis. The relatively low resource requirements and simplicity of the method allows for repetition, which can be on a scheduled or ongoing basis, allowing for updates to accommodate integration of new and emerging AMR pathogens, better quality or new data, an expanded list of pathogens, and changing perceptions of risk. Future iterations of this analysis may require revision of the criteria to better suit the unique needs of the risk managers or policy-makers. Finally, the simplicity of the method allows for policy-makers and non-experts to understand what was done, resulting in broader engagement and accessibility and appears to increase buy in, support and use of the findings.
Limitations
Given the number of pathogens that were scored using poor non-Canadian data (11 of 32) the assessment of those pathogens may not reflect the current Canadian situation as accurately as the situation for the pathogens with good data. The data quality and information gaps for certain pathogens required use of expert opinion to inform some of the scores. Given the unavoidable paucity of surveillance information and data for some pathogens in Canada, this was considered to be the best way forward; data availability for each score is provided in S1 Table  and allows for open critique of those opinions. There are additional criteria and factors that were not included that are worth considering during the application of the results, especially when attempting to address a specific policy question. These include, but are not limited to: evaluation of different antimicrobials that the pathogens are resistant to; premature mortality (i.e., whether the resistant pathogen primarily impacts the young or old); vulnerable populations (i.e., drug-resistant TB occurs more within immigrant populations); gaps in information, and the breadth of the assessment. Different groupings of bacteria (within families or separately) to evaluate pathogens with similar resistance genes could also be considered (i.e., alternate ways of grouping the Enterobacteriaceae which readily share resistance genes, such as carbapenem resistance genes). While, the current method is pathogen-specific; there are alternate ways of framing AMR to inform action and decision-making. Combining AMR threat assessment with initiatives to increase prudent use of antimicrobials are likely to result in greater mitigation than focussing on the pathogen threat alone.
Conclusion
Given the large number of pathogens with resistance, a systematic transparent method for prioritization is essential. While there are many other criteria and considerations (health, economic, social) for prioritization, the list of AMR pathogens presented here can form a basis for AMR surveillance and research priorities, and the targeting of intervention efforts. This work has already served to inform the list of pathogens that are being prioritized for surveillance in the Agency. The application of this method by other groups and in different jurisdictions would allow an exploration of which considerations and criteria for prioritization vary depending on the context, and which ones are constant. We should not limit our future priority setting activities related to AMR by what we currently do, rather we should always endeavour to regularly reconsider a broad list of AMR pathogens to inform our decision making processes in protecting the health of our populations. It is our hope that this work will serve as an additional example to decision-making bodies about the feasibility and importance of transparent and systematic priority setting.
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